Water is important resource for human survival and development. Coal mine wastewater (CMW) is a byproduct of the process of coal mining, which is about 7.0 × 10 10 m 3 in China in 2016. Considering coal mine wastewater includes different ingredients, a new bubble column humidification and dehumidification system is proposed for CMW treatment. The system is mainly composed of a bubble column humidification and dehumidification unit, solar collector, fan and water tank, in which air is used as a circulating medium. The system can avoid water treatment component blocking for reverse osmosis (RO) and multi effect distillation (MED) dealing with CMW, and produce water greenly. By analysis of heat and mass transfer, the effects of solar radiation, air bubble velocity and mine water temperature on water treatment production characteristics are studied. Compared with other methods, thermal energy consumption (TEC) of bubble column humidification and dehumidification (BCHD) is moderate, which is about 700 kJ/kg (powered by solar energy). The results would provide a new method for CMW treatment and insights into the efficient coal wastewater treatment, besides, it helps to identify the parameters for the technology development in mine water treatment.
INTRODUCTION
Coal mining is an important industry in many countries of the world including China. Large amounts of waste water need to be pumped out to the surface from the workings of mines, and good water is needed for various cola cleaning operations. Adopting efficient treatment technologies to reuse and recycle the water in mining operation is one of the effective water management strategies to reduce pressure on water resources and environment.
However, for different coal mines, the water quality varies from pH (acidic to basic), dissolved solids concentration, fouling and scale formation, etc. After mine water is treated with air flotation deoiling and precipitation filtration, it mainly becomes the high-salinity water. The generic treatment strategies for high-salinity water treatment are shown in Figure 1 , which mainly include neutralization, desalination, metal removal and specific targeted pollutant treatment. The treatment systems utilize chemical, biological and physical removal approaches, which are the approaches to improving mine water quality by the addition of chemical reagents (e.g. hydrogen peroxide, caustic soda) in the context, energetic inputs, and engineered systems. The main treatment technologies include aeration, neutralization, metal precipitation, metals removal, chemical precipitation, membrane processes, ion exchange, and biological sulphate removal. Use of wetlands for mine waste water treatment in order to remove inorganic pollutants and the application of lime and sulphides was followed by ion exchange in precipitation of heavy metals were studied by Margarete () and Feng et al. () . A vacuum membrane distillation (VMD) system was used to treat mine water by Sivakumar et al. () . It was shown that the VMD system was capable of successfully desalinating and treating mine water to acceptable standards with total dissolved solids (TDS) removal up to 99.9%. The reagent by simple acid dissolution could be used for the removal of dissolved phosphorous from municipal wastewater and zinc from non-coal mine water by Sapsford et al. () . Application of an integrated forward osmosis (FO) and reverse osmosis (RO) system with three different actual coal mine waters, containing various concentrations of sulphates and silica was evaluated by Thiruvenkatachari et al. () . The forward osmosis process was an emerging low energy desalination technology according to Cath et al. () ; Qasim et al. () and Zhao et al. () , in which water naturally traversed the semi permeable membrane from a lower solute concentration feed solution to a higher solute concentration solution. Reverse osmosis is a mature process. However, RO membranes can be very sensitive to fouling by various dissolved and undissolved constituents, particulate matter, salt precipitates, and microorganisms, and it would require extensive and expensive pre-treatment to ensure acceptable performance by United States Environmental Protection Agency () and Kim et al. () . The pretreatment processes of coal mine wastewater include lime neutralisation to adjust the pH, coagulation and precipitation, some precipitated metal elements and gypsum to be removed, multimedia filters to further reduce the concentration of suspended solids, membrane filtration units to reduce colloidal material and water softeners to reduce hardness and the addition of antiscalants by Bonnélye et al. () , Thiruvenkatachari et al. () and Ericsson & Hallmans () .
Water management in mining advocates a sustainable approach of using non-optimal water instead of fresh water sources. For coal mine water (CMW), high concentrations of total dissolved solids (TDS) have been reported to impact the environment chiefly by Pinto et al. () , Iowa Department of Natural Resources () and Lindberg et al. () . For TDS treatment, the main methods are ion exchange, desalination, RO, distillation, electro coagulation, filtration, adsorption, etc. Each of these technologies has advantages and disadvantages, which are shown in Table 1 . Some TDS components do not precipitate until their concentrations become extremely high, so the reasonable method should be considered according to CMW (coal mine water) characteristics.
Although a number of technologies have begun to address the treatment of mine water, very few studies have focused on low energy and chemical free treatment techniques. The main aim of this study is to develop a new system, which is composed of bubble column humidification and dehumidification, which can produce a high quality water along with low energy consumption without any use of chemicals. For this method, many studies have been carried out. The bubble column humidification-dehumidificationdesalination system was analyzed by Rajaseenivasan et al. () , but the contact method between air and water was that air flowed from the water surface. Dai et al. () analyzed performance of the solar desalination unit with humidification and dehumidification, which proved the method to be efficient. In this paper, considering coal water to be dirty which is composed of different ingredients, the medium in solar collector is air, the heat and mass transfer medium in the system is hot air and coal water. Mine water ion index of Qingshui coal mine is shown in Table 2 . The water production model is presented based on the heat and mass transfer. Performance of the system is analyzed in different conditions, such as gas flow rate, air inlet temperature, solar radiation intensity, air bubble velocity, mine water temperature and etc. For the method, it consumes low energy and needs no chemical matter, and it is a green environmental protection method. It provides a new method for mine water treatment, especially total dissolved solids, which is beneficial for effective water management in coal mining.
BUBBLE COLUMN HUMIDIFICATION AND DEHUMIDIFICATION SYSTEM
Bubble column humidification and dehumidification system for coal mine wastewater treatment is shown in Figure 2 , which mainly consists of heat source part (a solar flat plate collector), humidifying unit (a bubble column humidification in which an aerator unit is installed) and dehumidifying unit. Considering the fouling problem, the air is used as circulating medium which could avoid the As can be seen from Figure 2 , the air is heated in the solar collector, and then transported into the bubble column humidification by fan. The air is heated, in which the superheat degree vapour is enlarged, and can carry more vapour from water. The hot air is imported into the mine water by aerator, and the hot air is humidified by mass transfer with mine water in bubble column humidification. The aeration process can intensify heat and mass transfer between hot air and coal mine water. Afterward, the humidified air is cooled to produce water in dehumidification unit. The dehumidified air is transported into the solar collector to absorb heat and get to a higher temperature state. So, the air process is over. For the coal mine water, it is first imported into the dehumidification unit, then transported into the bubble column humidification unit to carry out heat and mass transfer with air flow. The sludge is discharged from the bottom of bubble column humidification unit. The scale of main units is shown in Table 3 .
The thermodynamic state evolution of airflow on the psychrometric chart is shown in Figure 3 . Point A denotes the inlet state of airflow which enters into the solar flat plate collector; point B denotes the outlet state of airflow from the solar collector. The process A ! B in the solar collector is a heating process, in which the humidity is constant. Point C denotes the outlet air state from the bubble column humidification. The process B ! C in the bubble column humidification is a humidifying process, in which the enthalpy is constant. For the process C ! A, the wet airflow is dehumidified. Thereafter, the airflow cycle is completed and presented as an enclosed cycle shown in Figure 3 , which is composed of the A ! B ! C ! A.
MATHEMATICAL MODEL
Models of the system and performance assessment are presented in this section. In the study, some assumptions are employed as follows: (1) Air bubbles produced by aerator in the coal mine water are uniformly distributed.
(2) Air bubble size in the coal mine water is identical.
(3) Mass transfer area of air bubble is the surface area of air bubble. (4) Mass transfer between air bubble and coal mine water is unsteady molecular diffusion process. (5) Air bubble diameter is invariable during the rising process from the bottom of bubble column humidification to the liquid surface.
Solar collector
In this system, the solar collector is a solar flat plate collector. Radiant heat transfer coefficient can be obtained, which is as follows by Hefei ().
where h r is radiant heat transfer coefficient (W/(m 2 ·K)); σ is blackbody radiation constant (5.67 × 10 À8 W/(m 2 ·K 4 )); ε 1 and ε 2 are plate emissivity of both sides; T is plate collector temperature (K).
Efficiency factor of flat plate collector F 0 is achieved by the following formula:
where U L is total loss coefficient (W/(m 2 ·K)); h is convective heat transfer coefficient between plate and environment (W/m 2 ·K). Flow factor of flat plate collector F 00 is achieved by the following formula:
where F R is heat transfer factor of flat plate collector; G is air flow (kg/s); C p is air specific heat at a constant pressure (J/(kg·K)); A c is area of the flat plate collector (m 2 ). By formulas (2) and (3), the heat transfer factor of flat plate collector F R can be obtained. Effective utilization energy of flat plate collector Q u is obtained.
where S is the heat quantity of flat plate collector from solar radiation, S ¼ I T Á τα ð Þ e ; I T is total solar radiation (J/m 2 ); τ is transmissivity of the flat plate cover; a is absorptivity of the flat plate cover; T f,i is inlet temperature of air flow (K); T a is environment temperature (K).
The air outlet temperature of the flat plate collector can be determined, which is shown as follows:
Characteristic of heat and mass transfer in bubble column humidification
In the bubble column humidification, the air is pushed into mine water by an aerator. In the process, the horizontal movement of the air bubble is ignored, the mass transfer between air and coal mine water can be obtained according to Fick law, which is as follows:
where c is concentration (it is vapour density, kg/m 3 ); D is molecular diffusion coefficient (m 2 /s). Considering bubble movement in the vertical direction, the bubble speed is obtained.
By the formula (8), the formula (7) can be transformed as follows:
Definite solution condition is as follows:
where c 0s is the concentration at interface surface (kg/m 3 ); c 0 is the concentration far from the interface surface of the bubble (kg/m 3 ).
In the rising moving, the time passing through a diameter distance of air bubble is obtained as follows:
where d is diameter of the air bubble (m). Mass flux is induced by the following formula:
Then, the mass transfer coefficient can be obtained.
Heat transfer quantity between the air bubble and coal mine water is obtained, which is as follows:
where t b is the temperature of air bubble (K); t s is the temperature of the air bubble at interface (K), which is deemed as the average temperature between the air bubble temperature and the mine water temperature; ρ b and p s are the concentration of vapour in the air bubble and concentration of vapour at the interface invariable (kg/m 3 ). For air with certain temperature t and moisture content d, the concentration of wet air is as follows:
Based on energy conservation, the heat transfer quantity between the air bubble and coal mine water is equal to the heat quantity from the coal mine water, which is as follows:
where t o and t i are the outlet temperature and the inlet temperature of coal mine water, respectively (K); ρ w is the concentration of mine water (kg/m 3 ); v w is the flow velocity of mine water (m/s).
Treated water by dehumidification
The heat and mass transfer in the dehumidification is shown as follows:
ÞÁdA (17) where h md is convective mass transfer coefficient by humidity difference (m/s); d is moisture content of the air (kg/kg dry air).
where r is latent heat of vapourization (J/kg); h is convective heat transfer coefficient (W/(m 2 ·K)).
For the heat and mass transfer process of air-water, the relationship between the convective mass transfer coefficient h md and convective heat transfer coefficient is as follows by Vargaftik ():
Thermal energy consumption
For the mine water treatment process, thermal energy is required. The energy consumption was evaluated by thermal energy consumption (TEC), which was the amount of thermal energy required per mass unit of water produced (kJ/kg). The TEC of the system is calculated using formula (20).
RESULTS AND DISCUSSION
Heat and mass transfer characteristic
The effect of mine water temperature and air bubble velocity on heat and mass transfer in the bubble column humidification were analyzed. When the solar radiation was 800 W/m 2 , inlet air temperature of solar collector was 30 C, and air bubble velocity from the aerator was 1.0 m/s, the air was delivered into the bubble column humidification by the aerator in which mass transfer occurred between the air bubble and the mine water. After mass transfer with mine water in the bubble column humidification, the concentration difference variation of vapour in the air and outlet air temperature variation of the flat plate collector were shown in Figure 4 . From Figure 4 , the concentration difference of vapour and outlet air temperature of the flat plate collector both decreased with the air flow rate increasing in a certain temperature of mine water. In addition, as the air flow rate is constant, the concentration difference of vapour increased with mine water temperature decreasing. The cause was that the lower the mine water temperature, the stronger mass and heat transfer capacity was between air bubble and the mine water, which was obtained from the formula (14).
When the solar radiation was 800 W/m 2 , inlet air temperature of solar collector was 30 C, and air bubble radius was 0.0001 m, the concentration difference variation of vapour in the different air bubble velocity was shown in Figure 5 . From Figure 5 , with the air flow rate increasing, outlet temperature of the flat plate collector decreased and the concentration difference variation of vapour also reduced. It was that the larger air bubble velocity was favour to mass transfer, and the air transported into the bubble column humidification could obtained the more moisture content from the mine water.
Production of water treatment
Based on heat and mass transfer, the effects of solar radiation intensity and mine water temperature on the production of water treatment were analyzed.
When the inlet air temperature of solar collector was 30 C, mine water temperature was 25 C, air bubble radius was 0.0001 m and air bubble velocity from aerator was 3.0 m/s, water production variation in the different solar radiation intensity and energy consumption were shown in Figure 6 . In the Figure 6 , for three different air flow rate 3.0 m 3 /s, 5.0 m 3 /s and 7.0 m 3 /s, the water production variation with solar radiation intensity was positive. And the larger air flow rate, the water production increased with solar radiation intensity obviously. However, in a certain value of air flow rate, when the water treatment production increased, the energy consumption raised. It was that the larger solar radiation intensity would induce the thermal energy consumption to increase. Comparing with experiment data, the maximal error was 12.6% and the minimal error was 5.2% when air flow rate was 3.0 m 3 /s; the maximal error was 7.4% and the minimal error was 4.3% when air flow rate was 5.0 m 3 /s; the maximal error was 8.2% and the minimal error was 3.8% when air flow rate was 7.0 m 3 /s. When the solar radiation was 800 W/m 2 , the inlet air temperature of solar collector was 30 C and air bubble radius was 0.0001 m, water production variation and energy consumption in the different mine water temperature was shown in Figure 7 . From the Figure 7 , when mine water temperature was lower, the water production was more, which increased with solar radiation intensity. But, when the water treatment production increased, the energy consumption decreased. Comparing with experiment data, the maximal error was 5.7% and the minimal error was 2.1% when mine water temperature was 20 C; the maximal error was 6.7% and the minimal error was 3.6% when mine water temperature was 25 C; the maximal error was 6.8% and the minimal error was 2.7% when mine water temperature was 30 C.
Thermal energy consumption (TEC) for different water treatment methods including bubble column humidification and dehumidification (BCHD), low temperature solar collectors multi-effect distillation (LTC-MED), parabolic trough collectors multi-effect distillation (PTC-MED), The TEC of BCHD was about 700 kJ/kg, which was less than LTC-MED. Although, thermal energy consumption of BCHD is higher, its energy was from the solar energy which was renewable energy and it was not multi-effect. Furthermore, MED and MSF are not particularly suitable for coal mine water treatment for the blocking problem. So, bubble column humidification and dehumidification (BCHD) is likely to be very good or scientific method for coal mine water treatment.
CONCLUSION
Water resource is an essential factor for human life and social development. Recycle of coal mine wastewater can diminish water consumption and improve the development of the water resource; moreover, it will reduce the damage to the environment. In this paper, a new bubble column humidification and dehumidification system was proposed for coal mine wastewater treatment, which was driven by solar energy. The heat and mass transfer characteristic was analyzed in the process. Thus, the water treatment production was obtained in different conditions. The main results by analysis were shown as follows:
(1) Solar radiation, as well as air bubble velocity from aerator, was important factor affecting the concentration difference of vapour in bubble column humidification. Larger solar radiation and air bubble velocity were favoured to obtain more concentration difference, which would induce to get more water treatment production.
(2) Mine water temperature had an effect on the concentration difference variation of vapour. By analysis, lower temperature of mine water was favor to obtain more concentration difference. The cause was that the lower the mine water temperature could induce the stronger mass and heat transfer capacity between air bubble and the mine water. (3) Water treatment production increased with solar radiation and air bubble velocity from aerator. However, it decreased with the temperature of mine water in the bubble column humidification increasing. (4) Driven by solar energy, thermal energy consumption (TEC) of the bubble column humidification and dehumidification (BCHD) was moderate comparing with other water treatment methods, which was about 700 kJ/kg.
The bubble column humidification and dehumidification is a prospective method for the coal mine water treatment. It can obtain a high quality water along with low energy consumption without usage of chemicals. The research could provide theoretical support and guidance for its application for coal mine water treatment.
